CRISPR/Cas9 is a powerful genome editing tool that has been successfully applied to a variety of species, including zebrafish. However, targeting efficiencies vary greatly at different genomic loci, the underlying causes of which were still elusive. Here we report a quick CRISPR/Cas9 system, designated as qCas9, which exhibits accelerated turnover of Cas9 protein in zebrafish. Our data showed that qCas9 significantly improved targeting efficiency, including both knock-out and knock-in in F 0 embryos, and yielded higher germline transmission rate in founder screen. Importantly, qCas9 showed little to no off-target editing in zebrafish and profoundly reduced off-target effect in HEK293T cell line. In summary, our findings demonstrate that qCas9 is a simple, economic and highly effective method to improve genome editing efficiency in zebrafish embryos and also holds great potential in reducing off-target effect in mammalian cell lines.
Introduction
Natural CRISPR systems found in eubacteria and archaea, including type I, II and III systems, use small RNA and CRISPR-associated protein (Cas) to target invading foreign DNAs 1-3 . Type II CRISPR/Cas system that relies on the endonuclease Cas9 from Streptococcus pyogenes was found to induce RNA-guided site-specific DNA-cleavage in vitro 4 , in cultured cell lines 5, 6 , and in vivo, e.g. mouse 7,8 , zebrafish 9,10 , fruit fly 11 and C.elegans 12 . After being introduced into a cell, the Cas9 protein forms a complex with a synthetic RNA molecule containing a guide sequence complementary to a specific DNA sequence (protospacer), and thereby enabling the introduction of a double strand break (DSB) in the genomic locus of interest. The DSB is mainly repaired by two cellular DNA damage repair pathways, the error-prone non-homologous end joining (NHEJ) pathway 13 or error-free homology-directed repair (HDR) pathway 14 .
Zebrafish is an important vertebrate model organism for functional genomics study and is readily amenable to genome editing via ZFN 15 , TALEN 16, 17 and the CRISPR/Cas9 system 10, 18 . Despite the ease and versatility of the CRISPR/Cas9 system, however, mutagenesis efficiency of each Cas9/gRNA target site varies greatly ranging from almost 0% to nearly 100%. Although many online programs are available for predicting gRNA efficiency [19] [20] [21] , the majority of these prediction rules were derived from data of cultured cells and thus of less predicative value for gRNA design in zebrafish 22 . Low mutagenesis efficiency requires a large amount of labor and time to obtain a desired zebrafish mutant line. One obstacle for achieving efficient genome targeting in zebrafish is the rapid cell division after fertilization, leaving limited time window for genome editing tools to function; therefore leading to high mosaicisms of edited zebrafish embryos and low germline transmission rate. To overcome this, several methods have been developed. One way to improve genome targeting efficiency in zebrafish is to bypass mRNA translation through the use of Cas9 protein, which resulted in rapid and higher targeting efficiency 23 . Another strategy involves direct injection of Cas9/gRNA into oocytes rather than zygotes 24 . In addition, the use of species-specific codon optimized Cas9 25,26 and the addition of non-homologous single-stranded DNA 27 were also shown effective. Despite these advances, however, new strategies to increase targeting efficiency in zebrafish, especially with easy manipulation and low cost are still desirable.
The concerns of off-targeting effect also hinder CRISPR/Cas9's applications in agriculture and medicine 28 . One key to minimize off-target editing is to increase on-target specificity. Many efforts have been devoted to the optimization of CRISPR/Cas9 system with high specificity, such as the use of truncated guide RNA 29 , Cas9 nickase 30 , FokI-dCas9 31 , structure guided engineering of Cas9 32,33 , using small molecules or light to temporally manipulate Cas9 activity [34] [35] [36] [37] and partial replacement of RNA nucleotides with DNA nucleotides in crRNA 38 . Another important consideration to reduce off-targeting effect is shortening the duration time of Cas9 protein. To the end, we hypothesize that by introducing Cas9 protein earlier and decreasing its half-life, both higher on-target editing efficiency and lower off-target effect can be achieved. Proteins have variable turnover rates and half-lives. It was proposed that most of the short lived protein contained a region enriched with proline (P), glutamic acid (E), serine (S), and threonine (T), which was called the PEST sequence or PEST domain 39 . Mouse ornithine decarboxylase, structural 1 (ODC1), for example, is one of the short lived proteins that contains the PEST sequence at its C terminus 40 . PEST sequence acts as a proteolytic signal for rapid protein degradation by ubiquitin-26S proteasome 41, 42 , and thereby shortening protein half-life 43, 44 . This feature of the PEST sequence has been harnessed for the generation of a EGFP-PEST transcription reporter, which enabled a more sensitive way to monitor dynamic biological signals than that of conventional EGFP reporter 45 . It is also important to note that PEST sequence not only facilitated rapid degradation of EGFP-PEST fusion protein as expected, but also accelerated the translation of EGFP-PEST fusion protein in zebrafish, therefore holding the potential to achieve faster turnover rate of protein of interest.
In this study, we fused PEST domain to Cas9 and named this fusion protein as quick Cas9 (qCas9) due to the rapid Cas9 protein turnover rate enabled by the PEST sequence. Strikingly, qCas9 greatly enhanced on-target efficiency in zebrafish embryos, and this effect was dosage dependent, worked at various time points and yielded higher germline transmission rate in founder screen. qCas9/tyr gRNA targeting led to higher ratio of embryos with severe loss-of-pigmentation phenotype than that of conventional Cas9/tyr gRNA targeting and also resulted in higher targeted knock-in efficiency. Importantly, the enhancement of on-target editing by qCas9 did not increase off-target editing when compared to Cas9. In addition, human-codon-optimized Cas9-PEST (quick hCas9, qhCas9) significantly reduced off-target editing of VEGFA sites in HEK293T cell line, though in this case on-target editing efficiency was only marginally improved. In summary, here we develop a safer and more efficient CSISPR/Cas9 system by fusing PEST sequence to the C terminal of Cas9 protein. We envision this strategy can easily be applied to other species and other CRISPR based genome editing tools, like CRSIPR/Cpf1 and CRSIPR/Base editors.
Results

PEST sequence accelerated mRNA translation.
To test and validate the function of PEST sequence in zebrafish, a pCS2-EGFP-PEST vector was constructed by fusing PEST sequence from mouse ODC1 (amino acid 422-461) to the C-terminal of EGFP. Both capped EGFP and EGFP-PEST mRNA were in vitro transcribed by SP6 RNA polymerase and injected into one-cell stage zebrafish embryos. As early as 1 hour post fertilization (hpf), green fluorescence could be observed in EGFP-PEST mRNA injected embryos. The fluorescence intensity gradually increased as development proceeded and then faded away after 24 hpf. In contrast, GFP signal could not be observed until 2 hpf in EGFP mRNA injected embryos. At 24 hpf, EGFP mRNA injected embryos still maintained high level of fluorescence intensity (Figure 1) . Taken together, these results suggest that PEST sequence can accelerate both mRNA translation and protein degradation. qCas9 outperformed Cas9 in on-targeting efficiency.
The zebrafish-codon-optimized Cas9 (zCas9) flanked by both N and C terminal nuclear location signal (NLS) was used as previously described 25 and served as the control Cas9 in this study. The PEST coding sequence (amino acid 422-461) ( Figure  2b ) from mouse Odc1 was cloned and inserted to the C terminus of Cas9 to produce Cas9-PEST fusion protein (Figure 2a) . Both Cas9 and Cas9-PEST mRNA were in vitro transcribed for embryo micro-injection. Considering the rapid protein turnover enabled by the PEST sequence, we named the Cas9-PEST fusion construct as the quick Cas9, qCas9. To test the efficacy and efficiency of qCas9 in zebrafish, 23 gRNAs targeting various genomic sites were designed and evaluated for targeting efficiency using restriction-endonuclease-resistant restriction fragment length polymorphism (RFLP) assay or T7 Endonuclease I assay (see Methods). Except for 4 inactive target sites, 19 gRNAs showed targeting efficiencies ranging from 5% to 89% using Cas9 mRNA. The 23 gRNAs were then divided into 4 groups (inactive, low, medium and high) according to targeting efficiency (0%, <20%, 20%-60% and >60%) and tested using the same dosage of qCas9 mRNA. The results showed that co-injection of qCas9 mRNA and gRNA greatly increased targeting efficiencies of 13 sites in low and medium groups, while had less impact on sites with high efficiencies (Figure 2c) . Note that 1 of the 4 inactive sites showed weakly detectable efficiency about 1% using qCas9 and the result was confirmed by Sanger sequencing. The data demonstrates that qCas9 can significantly improve targeting efficiencies of sites with low and medium efficiencies, and has only marginal effects on inactive and highly active sites. The detailed target sites information could be found in Supplementary  Table 1 and target site efficiency comparison data could be found in Supplementary  Fig. 1. qCas9 increased targeting efficiency at various time points.
Next, we examined qCas9 activities at 7 time points during zebrafish development (1 hpf, 2 hpf, 3 hpf, 6 hpf, 10 hpf, 24 hpf and 48 hpf). The gRNA target sites for smad5E3S4, gch2E1S1 and sox7E1S2 were chosen from our on-targeting efficiency test experiment as representatives for low, medium and high targeting efficiency, respectively. No targeting efficiency was detected at 1 hpf and 2 hpf for both Cas9 and qCas9 mRNA injected embryos, indicating the lack of sufficient functional Cas9 protein before 2 hpf. For both Cas9 and qCas9 mRNA injected embryos, on-target editing was first detected at 3 hpf using RFLP assay, gradually increased, and then culminated at 24 hpf for smad5E3S4 and sox7E1S2 and at 10 hpf for gch2E1S1.
Faster temporal dynamics and improved targeting efficiency were consistently observed in qCas9 versus Cas9 at all the time points examined for smad5E3S4 and gch2E1S1 (Figure 3a and 3b) . Though no significant difference of sox7E1S2 targeting efficiency between Cas9 and qCas9 was observed at 24 hpf and 48 hpf, qCas9 showed better performance before 10 hpf than that of Cas9 (Figure 3c ). Targeting efficiency for smad5E3S4, gch2E1S1 and sox7E1S2 at different time points could be found in Supplementary Fig. 2 .
The enhancement of targeting efficiency was dosage-dependent.
To test whether the improvement of targeting efficiency by qCas9 is dosage-dependent, different concentrations (200 pg, 400 pg, 600 pg and 800 pg) of Cas9 and qCas9 mRNA ( Supplementary Fig. 3 ) were co-injected with 50 pg gRNA into one-cell stage embryos and the targeting efficiencies were determined at 24 hpf. Again, the gRNA target sites for smad5E3S4, gch2E1S1 and sox7E1S2 were used to represent low, medium and high targeting efficiency, respectively. In consistent with previous studies 25,26 , the targeting efficiencies for all 3 sites were dosage-dependent. Also note that qCas9 outperformed Cas9 in all dosages examined (Figure 3d -f, Supplementary Fig. 4 ). qCas9 generated more pronounced founder phenotype.
To test whether qCas9 could facilitate phenotypic analysis in founder (F 0 ) zebrafish, tyrosinase (tyr) was chose as the target gene since the loss-of-pigmentation phenotype of tyr mutant can be readily observed 46 . Co-injection of Cas9 mRNA and tyrE1S1 gRNA showed ~80% targeting efficiency as previously reported 26 . The high targeting efficiency led to pigmentation defects in F 0 embryos at 60 hpf (Figure 4a ). Although qCas9 had marginal effects over Cas9 on highly efficient sites such as the tyr, interestingly, we observed that the percentage of embryos with strong pigmentation phenotype (lost more than 80% pigmented melanophores) was increased from 69.0% to 79.3% (Figure 4b) . These results demonstrate that qCas9 could accentuate melanin pigmentation phenotype even when targeting efficiency was not enhanced. To explore whether Knock-In (KI) efficiency could also be improved by qCas9, two donor plasmids were constructed for KI to acta1a and nppa loci (Figure 5a) . After co-injection of KI donor plasmids, acta1aE1S1 gRNA and qCas9 or Cas9 mRNA, 18.7% of embryos from qCas9 group showed EGFP fluorescence in muscle at 24 hpf while only 5.9% of embryos from Cas9 group were EGFP positive. For the nppaE1S2 locus, 7.8% of embryos from qCas9 group showed tdTomato fluorescence in heart at 24 hpf while only 4.7% of embryos from Cas9 group were tdTomato positive (Figure  5b and 5c).
qCas9 led to higher germline transmission rate.
To test whether the use of qCas9 could lead to higher germline transmission rate, founders of smad5E3S4 and gch2E1S1 were examined for germline transmission efficiencies. In Cas9/smad5E3S4 gRNA injected founders, only 1 of 12 showed germline transmission with 16.7% F 1 offspring (4 of 24) carried mutant alleles. In contrast, 5 of 8 qCas9/smad5E3S4 gRNA injected founders showed germline transmission with the ratio of positive F 1 offspring ranging from 33.3% to 83.3%. Similarly, in Cas9/gch2E1S1 gRNA injected founders, 9 of 11 showed germline transmission and the ratio of positive F 1 offspring ranged from 25.0% to 75.0%, while 100% (6 of 6) qCas9/gch2E1S1 gRNA injected founders showed germline transmission with the ratio of positive F 1 offspring ranging from 75.0% to 93.8% ( Table 1 ). In sum, qCas9 can dramatically increase germline transmission rate, which holds great potential for facilitating founder screen process that are typically labor intensive.
qCas9 reduced off-target effect in HEK293T cell line.
To explore whether qCas9 can be applied to mammalian systems, we fused the PEST sequence to the C terminal of human-codon-optimized Cas9 (quick hCas9, qhCas9) and compared targeting efficiency between qhCas9 and hCas9. Our results showed that only marginal improvements could be observed when HEK293T cells were transfected with qhCas9 compared to that of hCas9 together with gRNAs targeting five endogenous loci ( Supplementary Fig. 5 , target sites information in Supplementary Table 1 ). To determine whether the fast turnover rate of qhCas9 could help reduce off-target effect, two VEGFA target sites with pronounced off-target genome editing reported previously were tested in HEK293T cell line 28 . The potential off-target sites were amplified and subjected to next generation sequencing two days after transfection. The results revealed significant reduction in off-target editing when qhCas9 was used (Figure 6 ). In addition, the off-target editing of qCas9 in zebrafish was also tested. Potential off-target sites for smad5E3S4 ( Supplementary Table 2a ) and tyrE1S1 ( Supplementary Table 2b ) were predicted using CasOT program 47 and analyzed using next generation sequencing. Our results showed no off-target editing was detected at 21 potential off-target sites of smad5E3S4 and 24 potential off-target sites of tyrE1S1( Supplementary Fig. 6 ). Since no off-target editing of Cas9 has been reported in zebrafish yet, comparative off-target analyses of more target loci are warranted for a conclusion of safer editing with qCas9. Taken together, the data demonstrates that qhCas9 can significantly reduce off-target editing and marginally improve on-target editing in HEK293T cell line.
Discussion
Here we report a simple but powerful strategy to improve targeting efficiency in zebrafish using the newly developed Cas9-PEST/gRNA system. The fusion of Cas9 and PEST sequence, which we term 'quick Cas9, qCas9', dramatically increases both Knock-out and Knock-in efficiencies at multiple endogenous genomic loci, leading to increased mutagenesis efficiency and higher germline transmission rate. Moreover, fusion of PEST sequence to hCas9 significantly reduces off-target effect in HEK293T cell line. The fertilized egg of zebrafish divides extremely fast during the first couple of hours of development, and there are only about 4 germ cells at the end of 1000-cell stage 48 . Therefore, in order to achieve high targeting efficiency and subsequent germline transmission in zebrafish, once injected, Cas9/gRNA complex needs to work as fast as possible within a short time window. To address this, several strategies have been developed. Injection of Cas9 protein instead of mRNA saved the time used for Cas9 mRNA translation 23,49 , however, the requirement of expertise in purifying highly effective Cas9 protein in house and the high-cost of commercialized Cas9 protein may limit its use. Xie et al provided an alternative method based on microinjection of Cas9/gRNA into oocyte to improve targeting efficiency and germline transmission rate given that the Cas9 mRNA was antecedently expressed prior to fertilization 24 . However, this method requires sophisticated oocyte storage and micromanipulation procedures, which is not accessible to most of labs. A previous study also showed that adding ubiquitin-targeting signal to Cas9 could shorten its half-life and reduce mosaicism in non-human primate embryos while the overall targeting efficiency is not improved 50 . In this study, a short PEST sequence (40 amino acids) was added to Cas9, which resulted in significantly boosted targeting efficiency. The ability of PEST sequence in accelerating EGFP mRNA translation and protein degradation suggests the improvement in targeting efficiency of Cas9-PEST is in part due to faster Cas9-PEST protein turnover. It is worth noting that genome editing by qCas9 could be detected as early as 3 hpf, 1 hour earlier than the Cas9 protein as previously reported 23 , which may be attributed to the low targeting efficiency (<5%) of the previous study. In sum, qCas9 is a simple yet powerful tool to increase targeting efficiency. Co-injection of qCas9 mRNA/gRNA improves targeting efficiency at multiple sites, especially for those with efficiencies less than 60%, thereby saving time and resource in finding high efficiency target sites required for Knock-in experiment. It is also important to keep in mind that many factors, such as chromatin and epigenetic state, sgRNA secondary structure, the affinity between sgRNA and Cas9 may all contribute to the variabilities in targeting efficiency at different genomic loci. While qCas9 increases targeting efficiency of one inactive target site to detectable level (<2%), the other three inactive sites examined in this study remain inactive. This suggests that qCas9 does not directly affect the chromatin and epigenetic state of each target locus. As for those sites with Cas9 efficiencies over 80%, there is little room for qCas9 to improve. The improvement of targeting efficiency for qCas9 could be observed at low dosage (200pg, Figure 3d -3f). Dosage reduction translates into lower toxicity, which is desirable for experiments that need microinjection of multiple components, such as multiplex genome targeting and knock in experiments. In the meantime, the boost in targeting efficiency with qCas9 also leads to higher germline transmission rate, which can save time, labor and resource. Besides, higher targeting efficiency can lead to improved chance of obtaining biallelic loss-of-function mutations in founder generation. In the case of tyr, when compared to Cas9, although the targeting efficiency was not increased by qCas9 at 60 hpf, we observed more pronounced loss-of-pigmentation phenotype in qCas9 injected founders, which may result from higher targeting efficiencies of qCas9 at earlier developmental time.
Previous study showed that non-homologous single-strand DNA greatly stimulates Cas9-directed gene disruption, but the off-target editing is also increased 27 . In comparison, qCas9 increases on-target efficiency, while maintains similarly low level of off-target rate as Cas9 in zebrafish. Off-target editing may not be a big issue in zebrafish since breeding will eventually dilute out the off-target effects, however, for clinical and therapeutic applications where precise targeting is required due to safety concerns, the unwanted off-target editing poses a real problem. To check the off-target effects in human cells, we tested quick hCas9 system in HEK293T cell line. We only observed limited improvement on targeting efficiency compared to hCas9, which is not unexpected since the persistent expression of qhCas9 and hCas9 in cells could offset the fast turnover nature of PEST sequence and prolonged targeting window could also undercut the enhancement effect. Nonetheless, we observed dramatic reduction of off-target editing for several VEGFA off-target sites, which may be attributed to the fast turnover of qhCas9 protein that reduced undesirable targeting on unintended sites. Therefore, our qCas9 system offers a safer option in mammalian cell targeting with low cost especially for high-throughput manipulation.
Materials and Methods
Zebrafish husbandry and cultured cell line
All the zebrafish used in this study were maintained at standard condition in the zebrafish facility of Peking University. The wild type strain used in this study is Tübingen. HEK293T cell line was used for in vitro cell culture experiment.
Plasmid construction
The zebrafish-codon-optimized Cas9 plasmid flanked by NLS at both N and C termini, the pGH-T7-zCas9, was described previously 25 . All the plasmids used in this study were constructed via seamless cloning method using ClonExpress MultiS One Step Cloning Kit (Vazyme Biotech, C113). For the construction of pGH-T7-zCas9-PEST fusion plasmid, the PEST domain sequence from mouse Odc1 cDNA was cloned and inserted between the C termini of zCas9 and the C terminal NLS. The quick hCas9 vector was constructed by inserting PEST sequence into the C terminal of a human-codon-optimized Cas9. The coding sequence of EGFP was cloned into pCS2 vector to get pCS2-EGFP and PEST sequence was inserted at the C termini of EGFP CDS to get the pCS2-EGFP-PEST. The hEMX1-P2A-tdTomato knock-in donor plasmid was constructed by sequentially inserting a human EMX1 gRNA target site 51 , a 200 bp protection sequences, P2A sequence and tdTomato CDS into the pTST3 vector backbone. The acta1a-EGFP knock-in donor was constructed by inserting acta1a sgRNA target site and partial of acta1a 5' UTR sequence into the upstream of EGFP.
RNA synthesis
For making the mRNA, the template DNA was linearized by XbaI digestion (for Cas9 and qCas9 mRNA) or NotI digestion (for EGFP and EGFP-PEST mRNA) and then purified by TIANquick Mini Purification Kit (TIANGEN Biotech). The capped Cas9/qCas9 and EGFP/EGFP-PEST mRNA were synthesized by mMESSAGE mMACHINE T7 or SP6 kit (Invitrogen), respectively. The in vitro transcribed mRNA was purified by LiCl precipitation. The guide RNAs were synthesized as previously described 10 . The primers for generating DNA template of guide RNAs were designed manually by add a T7 promoter sequence to the 5'-upstream of gRNA sequence. The gRNAs were in vitro transcribed by T7 RNA Polymerase (Takara) and purified by LiCl precipitation or ethanol precipitation. The detail method of LiCl precipitation: The in vitro transcription reaction (20 μ L) took place at 37 for 2 hours, upon completion, 1μL of DNase I was added for DNA template removal at 37 for 20 min. 30 μ L of LiCl and 30 μ L of RNase-free water were added to the reaction tube and mixed up, the reaction tube was stayed at -20 for at least 2 hours. Centrifuging at 13,000×g at 4 for 20 min and discard the supernatant. Washing the RNA pellet with 500 μ L 70% ethanol, centrifuge at 13,000×g at 4 for 5 min and discard the supernatant. The RNA pellet was air-dried for 5 min at room temperature, dissolved in RNase-free water and quantified by Nanodrop (Thermo Fisher).
Microinjection
Except for the dose-dependent experiment, 400 pg Cas9 or qCas9 mRNA and 50 pg gRNA were co-injected into one-cell stage zebrafish embryos. For the dose-dependent experiment, 200 pg, 400 pg, 600 pg and 800 pg Cas9 or qCas9 mRNA were co-injected with 50 pg gRNA into one-cell stage zebrafish embryos. For knock in experiment, the mixture of 400 pg Cas9 or qCas9 mRNA, 50 pg nppaE1s2 gRNA, 30 pg hEMX1 gRNA and 10 pg knock in donor was co-injected into one-cell stage zebrafish embryos. The injection method and dosages minimally affected the survival and normal development of injected embryos with more than 75% embryos survived and developed normally.
Mutagenesis efficiency quantification
The small insertions and deletions (indels) efficiency induced by Cas9/gRNA and qCas9/gRNA were quantified by a restriction-endonuclease-resistant restriction fragment length polymorphism (RFLP) assay as reported 17 or T7E1 assay 26 . For RFLP assay, injected embryos with normal morphology at 24 hpf (hours post-fertilization) were collected in groups (3 embryos per group). Each group was treated with 30 μ L 50 mmol/L NaOH at 95°C for 15 min, vortexed, and then neutralized by adding 1/10 volume of 1 mol/L pH 8.0 Tris-HCl buffer. The resulting genomic DNA was either used immediately as a PCR template or stored at -20°C. A short genomic region (~300bp-700bp) flanking the target site was PCR amplified and 2 μ L of the amplicon was used for restriction enzyme digestion. The percentage of uncleaved band (potential targeted alleles) was quantified by Image J software. For each case, 4 to 6 groups of embryos were analyzed. The uncleaved bands were gel extracted and subjected to TA cloning and then sequenced by Sanger sequencing. For T7 Endonucleases I assay, the PCR amplicons were purified using Gel Extraction kit (TIANGEN). A total of 200 ng of the purified PCR amplicon was denatured and slowly reannealed to facilitate heteroduplex formation. The reannealing procedure consisted of a 5 min denaturing step at 95°C, followed by cooling to 85°C at −2 °C per second and further to 25°C at −0.1 °C per second. The reannealed amplicon was then digested with 10 units of T7 Endonuclease I (New England Biolabs) at 37 °C for 90min. The reaction was stopped by adding 1 μ L of 0.5M EDTA. The band intensity was quantified using ImageJ software. All the target sites information, the primers used for PCR amplification and restriction enzymes used for RFLP assay are listed in Supplementary Table S1 .
Germline transmission screening
Founder fish (F 0 ) of smad5E3S4 and gch2E1S1 were outcrossed with wild type zebrafish to get F 1 embryos. For each F 0 , 8 groups (2 or 3 embryos per group) of F 1 embryos were collected for genomic DNA extraction at 24 hpf. RFLP assay was used for germline transmission screening.
Assessment of off-target effect
The online CRISPR/Cas9 off-target prediction program CasOT 47 was used to predict potential off-target sites in the whole zebrafish genome based on Ensembl database (GRCz10). We set the parameters to allow any of the four types of PAM, at most two mismatches in the 12-nt seed region of the target site, and at most five mismatches in the 8-nt non-seed region. A pair of primers was designed to amplify the region (~120 bp) of each selected site, the barcode ATC, GCA and CGT were added to the 5'-end of the primer to amplify the genome regions from the qCas9/gRNA-injected embryos, Cas9/gRNA-injected embryos or wild type embryos, respectively. The PCR products of these sites were purified and mixed together for deep sequencing (Illumina) . After a quality test, the sequencing data were categorized by the barcode and primer sequences, and then analyzed with Perl scripts to calculate the ratio of sequences with indels in the regions of each potential off-target site. Similarly, off-target sites for VEGFA T2 and T3 28 were amplified and subjected to deep sequencing (BGIseq-500).
Microscopy
The 2 dpf zebrafish embryos were anesthetized with 0.03% Tricaine (Sigma-Aldrich), mounted in 3% methylcellulose and imaged using a Zeiss Stemi 2000 Stereo microscope. The fluorescent images of EGFP and EGFP-PEST mRNA injected embryos were obtained by Zeiss Axio Imager Z1 microscope equipped with a Zeiss AxioCam MRc5 digital camera.
Statistical testing.
Pairwise comparisons between Cas9 and qCas9 samples were made using Student's t-test. We gratefully thank Yuying Gao, Yan Shen, Yingdi Jia and Jingliang Chen for zebrafish facility maintenance and colleagues at BGI-Shenzhen for technical support and discussion.
Data Availability
BGISeq-500 sequencing reads for this study have been deposited in the CNSA (https://db.cngb.org/cnsa/) of CNGBdb with accession code CNP0000410. N  a  t  u  r  e  b  i  o  t  e  c  h  n  o  l  o  g  y  3  2  ,  5  6  9  -5  7  6  ,  d  o  i  :  1  0  .  1  0  3  8  /  n  b  t  .  2  9  0  8  (  2  0  1  4  )  .  3  2  S  l  a  y  m  a  k  e  r  ,  I  .  M  .  e  t  a  l  .  R  a  t  i  o  n  a  l  l  y  e  n  g  i  n  e  e  r  e  d  C  a  s  9  n  u  c  l  e  a  s  e  s  w  i  t  h  i  m  p  r  o  v  e  d  s  p  e  c  i  f  i  c  i  t  y  .  S  c  i  e  n  c  e  3  5  1  ,  8  4  -8  8  ,  d  o  i  :  1  0  .  1  1  2  6  /  s  c  i  e  n  c  e  .  a  a  d  5  2  2  7  (  2  0  1  6  )  .  3  3  K  l  e  i  n  s  t  i  v For each target site, genomic DNA of 18 embryos (3 embryos per group, 6 groups) were extracted and indel efficiencies were determined by restriction fragment length polymorphism (RFLP) assay or T7 Endonuclease I assay at 24 hpf. Two-tailed unpaired Student's t-test was used for statistical analysis with *, **, and *** represent p value < 0.05, 0.01 and 0.001, respectively. Mild, medium and strong phenotype were correlated to embryos with >80% pigmented melanophores, 20%-80% pigmented melanophores and <20% pigmented melanophores, respectively. Though the indel efficiency was not significantly improved by qCas9, the ratio of embryos with strong pigmentation phenotype was increased from 69.0% to 79.3%. (c) Comparison of acta1a-EGFP positive knock in embryos and nppa-tdTomato positive knock in embryos after co-injection of respective knock in donor, gRNA and qCas9 or Cas9 mRNA. qCas9 significantly improved knock in efficiency from 5.9% (Cas9 injected, N=286) to 18.7% (qCas9 injected, N=346) for acta1aE1S1, and from 4.7% (Cas9 injected, N=336) to 7.8% (qCas9 injected, N=418) for nppaE1S2. Two-tailed unpaired Student's t-test was used for statistical analysis with *, **, and *** represent p value < 0.05, 0.01 and 0.001, respectively. 
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Table 1. Germline transmission screen
Founders of smad5E3S4 and gch2E1S1 were raised up for germline transmission screen. 24 or 16 F 1 embryos of each founder were used to evaluate germline transmission ratio for smad5E3S4 and gch2E1S1, respectively. Germline transmission ratio represented the percentage of positive F 0 in total F 0 screened. The ratio of positive F 1 in total F 1 embryos were shown in the last column. The data confirmed that improved targeting efficiency by qCas9 in founder level also led to higher germline transmission.
Supplementary Table 1 Supplementary Table 2a Supplementary Table 2b Supplementary Figure 1 
